Metal-organic frameworks (MOFs) are a unique class of crystalline solids comprised of metal cations (or metal clusters) and organic ligands that have shown promise for a wide variety of applications. Over the past 15 years, research and development of these materials have become one of the most intensely and extensively pursued areas. A very interesting and wellinvestigated topic is their optical emission properties and related applications. Several reviews have provided a comprehensive overview covering many aspects of the subject up to 2011. This review intends to provide an update of work published since then and focuses on the photoluminescence (PL) properties of MOFs and their possible utility in chemical and biological sensing and detection. The spectrum of this review includes the origin of luminescence in MOFs, the advantages of luminescent MOF (LMOF) based sensors, general strategies in designing sensory materials, and examples of various applications in sensing and detection.
Introduction
Metal-organic frameworks (MOFs) are a fascinating material class that are both fundamentally important and technologically relevant. They have been extensively studied for their rich structural chemistry [1] [2] [3] [4] [5] and potential applications in numerous areas, 6, 7 including but not limited to, gas storage, [8] [9] [10] gas separation, [11] [12] [13] [14] [15] heterogeneous catalysis, [16] [17] [18] [19] [20] chemical sensing, [21] [22] [23] [24] [25] optoelectronics (ferroelectronics, non-linear optics, and LEDs), [26] [27] [28] [29] [30] energy storage and conversion (batteries and solar cells), [31] [32] [33] [34] [35] [36] drug delivery and bio-imaging. [37] [38] [39] MOFs, as indicated by the name, are crystalline solids constructed via self-assembly of single metal cations (primary building unit or PBU) or metal clusters (secondary building unit or SBU) and organic ligands having multiple binding sites, forming one, two, or three dimensional extended coordination networks. 40 The organic ligands often contain aromatic or conjugated π moieties that are subject to excitation, giving rise to optical emission or photoluminescence (PL) upon irradiation. In addition, the metal components can also contribute to photoluminescence, in which case lanthanides 41 or various inorganic clusters [42] [43] [44] [45] [46] are often involved. Naturally, these properties of luminescent MOFs (LMOFs) can potentially be used for real-world applications. The PL in LMOFs can be utilized conveniently; often it does not require the fabrication of thin films, which, while proven possible in some cases, can be challenging with respect to the general pool of these materials. 47, 48 Thanks to modern technology and state-of-theart instrumentation, efficient, economic, and portable fluorometers are readily available, greatly promoting research and development in this subject area. Given the nearly limitless choices of metal and ligand combinations, MOFs thrive on structural diversity and tunable chemical and physical properties. The intrinsic permanent porosity in a large number of MOFs further enables the adsorption of guest molecules and therefore enhances hostguest interactions, since the pore size and shape, chemical composition and surface environment within the pores can be finely controlled, and therefore, the selective seizing of certain guest molecules is often times achieved. This merit of MOFs is the foundation of many well explored applications, especially in gas storage and separation. Additionally, the perturbation f r o m a d s o r b e d g u e s t m o l e c u l e s c a n a l t e r L M O F s ' photoemission profiles, making them excellent candidates for c h e m o s e n s i n g .
Luminescence in MOFs generally arises from the building components: conjugated organic ligands and/or metal ions or clusters, although in some cases adsorbed guest molecules may also contribute to the emission. Organic linkers with aromatic moieties or extended π systems are commonly used in the construction of porous MOFs due to their rigid molecular backbone. The π electrons in these linkers contribute greatly to luminescence, which can be classified as linker based luminescence or ligand-to-ligand charge transfer (LLCT). As the organic fluorophores are immobilized in an ordered arrangement and in close proximity with one another in a MOF structure, the nature of their intermolecular communication can be altered resulting in photoemissions that are different from their free form. 51 Ligand to metal charge transfer (LMCT) and metal to ligand charge transfer (MLCT) are also common among d 10 transition metal based MOFs: LMCT is often observed in Zn (II) and Cd (II) compounds, 52, 53 while MLCT is generally seen in Cu (I) and Ag (I) compounds. 45, 54 It should be noted that these mechanisms are not mutually exclusive; more than one emission pathway can coexist in a competitive manner with another. Metal-centered luminescence is often found in lanthanide MOFs. Strongly photon absorbing linkers with efficient intersystem crossing are preferred in constructing lanthanide LMOFs because they ensure the delivery of excitation energy from their triplet excited states to the emissive states of lanthanides through an antenna effect.
21, 41
Utilizing the Optical Signals of LMOFs
The permanent porosity of MOFs makes them stand out as a unique family of functional materials. Their intrinsically porous structures harbor nearly all of the major applications developed for this material class, many of which take advantage of the adsorption of guest molecules within the cavity of the framework. The capture of guest molecules in the pores allows them to be in close proximity with the organic walls or metal centers of the host structure, and thus, readily interact with the MOF. The perturbation induced by these guest molecules can alter multiple aspects of the physicochemical properties of the captor, including light absorption and emission profiles. Color change that is visible to the naked eye is arguably the most preferred signal for sensing, simply because it does not require instrumentation and represents the most convenient method of detection. In some cases, performing an exchange of solvent guest molecules will shift the emission spectrum and tune the color of the compound. Identification of a guest molecule can be realized by utilizing a guest-dependent color change. Some ionic species are also known to have a similar colorimetric effect. [55] [56] [57] For LMOFs, in principle any change in their spectroscopic characteristics can potentially be used as a sensing signal, while the most commonly observed change is the fluorescence intensity. Depending on the electronic nature of the molecule being detected (also referred to as the analyte), either quenching or enhancement of the luminescence can occur. This can be attributed to either electron transfer or energy transfer between the analyte molecule and the LMOF, or a combination of the two. 49, [58] [59] [60] [61] [62] [63] [64] [65] [66] Nitroaromatics, which are exemplary explosives or explosive-like molecules, are known as strong quenchers owing to their high electron affinity. 59, 61, 62, 67 Paramagnetic metal ions, such as Mn 2+ , Co 2+ , Ni 2+ , and Cu 2+ , are also capable of quenching fluorescence since they can induce LMCT and relax the excitation energy through a non-radiative pathway. 21, 68, 69 On the other hand, electron rich species, such as benzene and its derivatives with electron donating substituents, can enhance fluorescence, possibly due to their ability to donate an electron from an excited state to the LUMO or conduction band (CB) of the LMOF. 62, [70] [71] [72] [73] Another method of luminescence sensing is "turn-on" detection, where the capture of an analyte molecule results in the shift of an emission peak or a new emission peak (typically in the visible range) evolving from a previously dark background. [74] [75] [76] For example, the selective binding of analyte molecules can trigger a strong emission of an originally lowemitting or non-emitting MOF, which is known as guest induced emission. 75 Focusing on the shifting of emission peaks or the evolution of a new peak has several advantages: first, monitoring the evolution of a new emission peak is more sensitive than comparing the changes in emission intensity of the same peak, which may translate to lower detection limits. Second, intensity change of an emission is not always specific; molecules of similar electronic properties tend to affect intensity in a similar fashion. For example, nitroaromatics can all act as strong quenchers, and as such, judging solely by the changes in fluorescence intensity is often insufficient for identifying the individual nitroaromatic species. However, the host material can be designed to have strong interactions with a particular analyte molecule resulting in an additional energy shift of the emission peak. With the aid of this additional signal, more accurate identification of analyte molecules can be achieved. The guest-host chemistry involved in these processes is intriguing, and understanding this interaction is fundamental and vital to designing LMOFs with high selectivity and sensitivity for sensing applications.
The Advantages of Using MOFs as Sensory Materials
LMOFs are often compared with organic conjugate polymers when evaluating their performance as sensory materials. Their crystalline nature, diverse and easily modifiable structures and topology, permanent porosity, systematically tunable band gaps and electronic structures, and a wide range of physicochemical properties all highlight some of their advantages. Most notably, the sustainable pores within LMOFs provide a natural habitat for guest molecules. The capture of guest molecules within the pores not only increases the chances of guest-host interactions, but also pre-concentrates the guest molecule, which may be responsible for sensitive detection. 21, 24 In addition, functional groups within the framework, such as Lewis acidic or basic sites in the ligands, and/or open metal sites, further promote preferred analyte binding for selective detection. Thirdly, the electronic properties of an LMOF structure may be finetuned. For example, given the same metal center and network connectivity, band gaps can be varied by changing the size of the SBU and the degree of conjugation of the organic linkers. 77 Needless to say, changes to a framework's metal centers or their connectivity also lead to changes in band gaps and atomic compositions of the valence band (or HOMO) and/or conduction band (or LUMO). Such tunability is crucial for sensing applications as it directly relates to the optical absorption and emissions properties. Fourthly, immobilization of organic linkers in a rigid framework can potentially reduce non-radiative relaxation caused by free rotation and vibration of the linker, and therefore lead to stronger emissions. [78] [79] [80] Aggregation induced emission (AIE) is a perfect example: a low-emissive linker when in a dilute solution may exhibit strong fluorescence upon assembly into a rigid MOF structure. 51 Furthermore, MOFs generally have relatively high thermal-stability, and it is not uncommon for them to remain crystalline at a few hundred degrees Celsius. Fluorescent conjugate polymers typically lose their emission at elevated temperatures, especially upon melting or glassifying. Several MOFs have been reported to maintain their fluorescence at relatively high temperatures, and thus it becomes possible to utilize their fluorescence when a specific analyte's binding requires an elevated temperature. 74 Last but not the least, compared to amorphous materials, the highly ordered crystalline samples of MOFs allow precise and easy identification and characterization of their structures (e.g. by X-ray diffraction methods), making them perfect systems for investigating structure-property correlations and hostguest interactions. This merit has significant implications in both applications and fundamental studies. Overall, LMOFs have great potential as a unique class of sensory materials. 165 Ln doping tunable emission, white light Metals separated by a (-) indicates heterometallic PBU or SBUs, where a (/) indicates that the second metal is part of the ligand. Names for the ligands (L n ) can be found in the list of abbreviations at the end of the review. NS = excitation wavelength not explicitly stated; bold = emission maximum; italicized = broad emission (FWHM >100 nm).
Strategies for Designing LMOF Sensors
In order to fully explore the virtues of LMOFs as sensory materials, rational design, control, and construction of their structures become a necessity. The existing gas and hydrocarbon adsorption studies are among the most valuable assets for MOF based applications, and have profound significance in designing sensors with superb performance. When screening existing LMOFs as potential sensors, priority should be given to those that selectively adsorb targeted analytes. Precision for the adsorption of an analyte molecule is usually achieved through the accurate construction of a desired pore on the molecular level. 22, 166 Size exclusivity is the most intuitive selection rule, where only molecules slimmer than the pore can be captured. Thus, controlling the pore size is seemingly the most obvious first step to consider when designing LMOF based sensors. The porosity of MOFs provides such a versatile platform to work with, and is subject to various chemical manipulations. Many physicochemical properties within the porous environment, such as hydrophobicity, polarity, polarizability, acidity and proton affinity, can be finely-tuned. By controlling the chemical environment of the pore, selective capture of targeted molecules can often be achieved. For instance, the incorporation of Lewis basic site (LBS) facilitates the attraction of metal ions 167 and the acidic 2,4,6-trinitrophenol (TNP) 66 . Earlier study also demonstrated the utilization of open metal site (OMS) for sensing small molecules. 168 In a recent case, the effective detection of NH 3 is realized by the preferential binding of this guest molecule at an OMS. 74 In another case, anion recognition is attained through the hydrogen bonding between analyte and terminal solvent molecule. 169 The electronic properties of LMOFs are also crucial with respect to their sensing behaviors. Electron and/or energy transfer between an LMOF and an analyte are the main reasons for a fluorescent response, and as such, rational design of a LMOF should aim at promoting these features. The introduction of highly conjugated linkers in a framework is expected to better attract aromatic or conjugated analytes through π-π interactions. 94 The relative orbital energies of the CB (or LUMO) of LMOFs can be tailored by incorporating electron-donating or electron withdrawing groups into the ligands. 170 In terms of energy transfer, it has been demonstrated that the overlap between the emission spectrum of an LMOF and the absorption spectrum of a specific analyte induces a dramatic decrease in the fluorescence intensity of the LMOF. 66 The real-world use of LMOF sensors demands superb sensitivity and selectivity. As more and more LMOF sensors are being discovered, it is foreseeable that precise identification of a targeted analyte may eventually become possible by a cross-referencing method employing a series of LMOFs selected from a large library of sensory materials.
Luminescence Based Sensing Applications
LMOFs have been widely explored in many sensory applications due to their unique ability to selectively capture analyte molecules. Their permanent porosity often serves as a powerful platform for the reversible adsorption and release of these molecules. Therefore, LMOF based sensors can be highly recyclable and economically effective. LMOFs have been proven successful in the detection of volatile organic compounds, small molecules, and ionic species. The thermochromic properties of some LMOFs have led to the discovery of luminescent thermometers. In addition, the versatile functionalities of LMOFs make them extremely useful in the biological realm, exemplified by bio-sensing and bioimaging. Another sphere of luminescence based sensing application is the detection of energetic materials, such as explosives and explosive-like molecules, which will be discussed thoroughly in Section 3.
Sensing of Volatile Organic Compounds and Small Molecules
Dincă and coworkers recently explored a new territory of sensing volatile organic compounds (VOCs) at elevated temperatures. 74 Two LMOFs, Zn 2 (tcpe) and Mg(dhbdc) (tcpe = tetrakis(4-carboxyphenyl)ethylene; dhbdc = 2,5- dihydroxybenzene-1,4-dicarboxylate), were chosen for this study, both of which maintain their strong fluorescence at relatively high temperatures. 51 In another case, "turn-on" detection for N,Ndimethylformamide (DMF) in the vapor phase was demonstrated by Li and coworkers (Figure 2) . 76 The detection of DMF is of great importance since both human and animal experiments suggested that DMF is associated with serious health issues due to its hepatotoxicity. 171, 172 A lanthanide
, was activated by soaking in water for three days.
The emission intensity of the water-exchanged framework was enhanced upon exposure to various solvent vapors, among which DMF triggers the most significant "turnon": more than an eightfold enhancement of the emission intensity was demonstrated, as seen in Figure 2d . A fluorescence lifetime study on water exchanged and deuterated water exchanged LMOF samples implied that the removal of water from the Eu centers contributes greatly to the enhanced fluorescence since water quenches the Eu centered emission. But more importantly, the adsorption of DMF into the porous structure not only constrains the free rotation of phenyl rings present in the linker ligand, but also perturbs the energy levels of the linker, which results in a favorable LMCT process and thus strongly enhances the emission of the sensor. The authors also took a further step in testing the response rate of the sensor: 95% of "turn-on" can be achieved within a few minutes. This sensor can be conveniently recycled by purging with water vapor for a few seconds. With precise control of the pore morphology and the chemical environment within the cavity, not only can molecules with different compositions be differentiated, the chemoselectivity can also be raised to a higher level, that is, the recognition of stereoisomers. Lin et al. designed a enantioselective sensor based on a 1,1′-bi-2-naphthol (BINOL) derivative. 127 BINOL derivatives have been explored as fluorescent enantiomer sensors for a diverse group of chiral compounds that are subject to the formation of hydrogen bonds with the hydroxyl groups on the BINOL's core. Immobilization of this functional moiety into a rigid porous structure has an obvious advantage: the confinement of analyte molecules in the cavities preconcentrates and places the analyte in close proximity to the functional sites of the framework, where an analyte-functional site interaction may lead to enhanced sensitivity.
,6′-tetrakis(4-benzoic acid)) was synthesized for detecting the enantiomers of amino alcohols. This LMOF responds to amino alcohols in the form of fluorescence quenching, possibly through the formation of hydrogen bonds between the analytes and ground state BINOL moieties, and the subsequent occurrence of a low emissive excited state chargetransfer via the assistance of proton-transfer. As expected, this LMOF shows superior sensitivity for amino alcohols compared to previously reported homogeneous BINOL-based sensors. The preconcentration effect was confirmed by gas chromatography (GC), as the concentration of the studied amino alcohol within the pores of the LMOF is a few thousand times higher than in the supernatant. These findings led to the postulation that these quencher molecules are better accommodated within the LMOF cavities than in the solvent used to disperse the LMOF particles. Among all of the tested amino alcohols, this sensor shows superb selectivity towards the enantiomers of 2-amino-3-methyl-1-butanol. Furthermore, the quenching response correlates well with the enantiomeric excess (ee) of 2-amino-3-methyl-1-butanol. Therefore, this LMOF sensor can easily determine the ee of amino alcohol samples by a rapid fluorescence quenching titration (see Figure  3) . The amplified chiral selectivity in this porous LMOF can be utilized in the design of other LMOF sensors.
Other 
Sensing of Ionic Species
Colorimetric detection is probably the most desired method among sensing mechanisms simply because its visible signal transduction does not require the assistance of any additional instrumentation. Xu et al. exemplified colorimetric detection of the noble metal cation Pd (II) with ASMOF-5, an LMOF isoreticular to the prototypical MOF-5, but constructed from Zn 2+ and 2,5-dithioalloxyterephthalic acid. 55 The sulfurconjugated aromatic core is responsible for the fluorescence of this compound, and the thioether moiety strongly attracts the In the design and screening of functional LMOFs for sensing applications, the stability is an important factor to consider. A large number of MOFs are thermally robust as they can stand heating in a protected environment to a few hundred degrees Celsius. But the vast majority of reported MOFs are sensitive to water or moisture, which limits their applications in humid or aqueous environments. Guided by soft/ hard acidb a s e t h e o r y , Zhou and coworkers have demonstrated that by forming a strong metal-oxygen bond between the zirconium (IV) cation (hard acid) and a carboxylate anion (hard base), a series of thermally and chemically stable porous compounds can be realized. 120, 173, 174 Their recent work highlighted a Zr based porphyrinic LMOF with exceptional thermal stability (≥ 350 °C) and high resistance to changes in pH (1 to 11) in aqueous media. 120 The combination of stability under a wide range of pH values and the dye characteristics of the porphyrin centers
led to PCN-225, a fluorescent pH indicator as shown in Figure  5 . The pH-dependent fluorescence originates from the protonation or deprotonation of the porphyrin core. Under acidic conditions (pH < 5) the protons on the pyrrole rings stay intact, while the pyridine-type nitrogen atoms gradually get protonated with increasing acidity. This protonation disharmonizes the conjugated π-electron system of the porphyrin ring and therefore leads to quenched fluorescence. Under basic conditions, the deprotonation of the imino groups are held responsible for the George, Maji, and coworkers reported the sensing of metal ions with Mg(dhbdc), whose fluorescence is more significantly quenched by Cu 2+ compared to Ni 2+ and Co 2+ . 68 As mentioned previously, luminescence sensing may prove to be an effective method for identifying chemically hazardous species. Additionally, it may be efficient for detecting molecules with significant biological implications. but also enhances the sensitivity for the detection of DPA. The addition of a small amount of DPA to the LMOF suspension significantly increases the luminescent intensity of the mixture. When the concentration of DPA is 2 ppm, this enhancement can be as high as 90 times that of its original emission intensity. Exposures to the other components that co-exist within the bacterial endospores barely affect the emission intensity of this LMOF, as shown in Figure 6a . Such sensitivity for DPA is likely due to the preferential binding of DPA at the Eu 3+ center, which can largely facilitate the intramolecular energy transfer. Besides the indirect approach, directly targeting biomolecules, such as antibodies or molecules involved in biological processes, has also proven feasible with LMOF based biosensors. 85, 180 Nitric oxide (NO) is one of the key molecules in mediating mammalian functions, 181 and as such monitoring NO in biological systems is of great importance. Duan and coworkers demonstrated the luminescent detection of NO under biological conditions with Cu-tca (H 3 tca = tricarboxytriphenyl amine), shown in Figure 7 . 85 The Cu-MOF itself has a weak blue emission when exited at 350 nm, possibly due the quenching effect of the paramagnetic Cu 2+ . Introduction of NO to the Cu-tca in aqueous solution at room temperature triggered a significant increase in the LMOF's emission: 1 mM NO led to a 700-fold increase in the fluorescence intensity. It is also worth mentioning that the NO recognition of this LMOF is very specific, as exposure to other possible competitive reactive oxygen and nitrogen species at much higher concentrations does not significantly affect the emission of the sensor. The fluorescence enhancement can be possibly attributed to the reduction of Cu(II) to diamagnetic Cu(I) through a reaction with NO. The formation of Cu(I) then recovers the fluorescence quenched by the paramagnetic Cu(II). The nanoparticles of Cutca were obtained by microwave assisted synthesis, and tested successfully in the fluorescent visualization of the NO activity in MCF-7 cells. The structural and chemical diversity of MOFs makes it a class of versatile materials. Seeking to take advantage of their permanent porosity and intrinsic biodegradability, MOFs are also being explored for biomedical imaging either by loading imaging contrast agents into the pore space, or by incorporating luminescent building blocks into the framework. 38 Lin and coworkers incorporated a phosphorescent ruthenium complex into Zn 2+ and Zr 4+ based frameworks, respectively. 115 They employed microwave assisted synthesis to obtain two nanoscale coordination polymers (NCPs). The silica coated Zr based NCP-2 was further functionalized through a surface modification with PEG, a hydrophilic polymer. Uptake studies and confocal microscopy of H460 lung cancer cells in vitro confirmed that the anisamide-PEG (AA-PEG) functionalized compound acts as an efficient optical imaging contrast agent for targeting cancer cells, as shown in Figure 8c .
Luminescent Thermometers
The optical properties of LMOFs are often affected by temperature. For example, fluorescence intensity typically decreases as the temperature increases, as shown in the case of Zn 2 (tcpe). 124 As one may expect, these findings give rise to the concept of LMOF based luminescent thermometers. LMOF thermometers can be superior to other conventional thermometers because of their rapid response time, high sensitivity, and strong resistance to electric or magnetic fields. 162 Qian, Chen and coworkers have developed a mixedlanthanide LMOF system that shows unique temperaturedependent luminescence behavior, highlighting their potential use as luminescent thermometers. 151, 160, 162 . The two isostructural 3D MOFs, Tb-dmbdc and Eu-dmbdc (dmbdc = 2,5-dimethoxy-1,4-benzene dicarboxylate), exhibit characteristic lanthanide fluorescence, indicating the strong sensitizing ability of dmbdc and its effective use as an excellent antenna chromophore. A series of mixed lanthanide LMOFs, Eu x Tb 1-x -dmbdc (x = 0.0011, 0.0046 and 0.0069), were acquired by varying the molar ratios of the metal salts using the same synthetic method as used for the parent compounds. The resulting mixed lanthanide LMOFs are also isostructural to the parent structures. Besides being sensitized by the ligand, Eu 3+ ions are also sensitized by Tb 3+ ions in the mixed lanthanide LMOFs. The metal centered emissions in Eu-dmbdc and Tbdmbdc gradually decrease with increasing temperature, possibly due to thermally activated nonradiative-decay pathways, as shown in Figure 9a and Surfactant and microwave assisted synthesis also enabled the production of LMOF nanoparticles; it is anticipated that the fabrication of fluorescent nanothermometers has great potential for applications in thermal sensing and intracellular activity mapping with nanoscale resolutions. 162 
Detection of Explosive and Explosive-like Molecules

Background
Using LMOF sensors for the detection of high explosives is possibly one of their most promising applications. Detection of these life-threatening energetic materials plays a crucial role in anti-terrorism operations, homeland security, and civilian safety, and thus has the ability to directly save human lives and protect the environment. The continuing rise of terrorist activities around the globe calls for further attention towards developing sensitive and efficient explosive detection methods. Current detection methods employ trained canines (sniffer dogs) 182 in addition to modern analytical instruments, such as ion mobility spectrometry (IMS), 183 plasma desorption mass spectrometry (PDMS), 184 surface-enhanced Raman spectroscopy (SERS), 185 energy dispersive X-ray diffraction (EDXRD), 186 and various imaging technologies. 187 These detection methods provide high sensitivity and accuracy, however they suffer from a number disadvantages, most notably high cost and lack of portability. Optical sensing has emerged as a new approach that is cost effective, fast, and easily portable. Utilizing the optical properties of fluorescent materials, effective detection of many high explosive or explosive-like molecules can be achieved. 188 Organic conjugate polymers represent a group of such materials that have bloomed over the past decade. 61, 67, 189 Portable devices based on amplifying fluorescent polymers (AFPs) have been made available, and explosive sniffing robots have been utilized for military ventures for quite a few years. 190 With that said, the stage is now set for LMOF sensing to shine. As mentioned throughout this review, the permanent porosity and electronic tunability of these materials, coupled with rational design and engineering of their crystal and pore structures, allow one to finely tune the chemical environment within and on the surface of the framework. A meticulously designed LMOF may then facilitate the pre-concentration and recognition of a targeted analyte, leading to superior sensitivity and selectivity. These features highlight LMOFs as amazing candidates for the detection of explosives.
As a category, "explosive and explosive-like molecules" encompasses a diverse group of compounds, as illustrated in Figure 11 . Accurate recognition of an analyte molecule relies on a sensory material's ability to specifically interact with the targeted species. For example, TNT is subject to the formation of a Meisenheimer complex with certain nucleophiles. 191, 192 A dual emission hybrid material, comprised of quantum dots with polyamine functionalized surfaces, was designed to exploit this property of TNT and instant visual detection was achieved. 193 The photolytic cleavage of nintroesters and nitramines was utilized in the selective "turn-on" detection of PETN and RDX. [194] [195] [196] Furthermore, the photo-induced oxidation of the fluorene moiety by nitrate esters was employed by a polymeric fluorescent sensor to generate a selective "turn-on" response from TNG and PETN. 197 These strategies are also applicable with regards to LMOF based sensors. Incorporation of the aforementioned functional moieties into porous frameworks is worth exploring for the accurate recognition of desired analytes via the chemical approach, where the analytes chemically react or interact with the sensory materials. In addition, the permanent porosity of many LMOFs adds another dimension for molecular recognition through size exclusion. Understanding the physicochemical nature of a given analyte molecule is of absolute necessity for the design of an effective sensor. For example, the LUMO energy of an analyte is an important factor to consider: its relative level to the LUMO (or conduction band, CB) of a sensor material, determines the direction of electron transfer upon photoexcitation. This is especially useful in predicting and understanding the form of the fluorescence response, whether it be enhancement or quenching. 62, 73 Quantitative evaluation of the quenching efficiency of a particular sensor can be achieved using Stern-Volmer analysis (Equation 1). 197, 198 In this formula I o is the fluorescent intensity of the sensory material before the addition of the quencher, I f is the intensity after the quencher is added, and k sv is the SternVolmer constant, where high a k sv value is usually associated with efficient sensors. 
Detection in the Vapor Phase
In 2009 we reported the first study of using porous LMOF compounds for explosive detection. 96, 201 Upon exposure of LMOF-111 (or RPM3-Zn, Zn 2 (bpdc) 2 (bpee)·2DMF, bpdc = 4,4'-biphenyldicarboxylate; bpee = 1,2-bis(4-pyridyl)ethylene) to the vapors of DNT (0.18 ppm, an evitable by-product in the manufacture of TNT) and DMNB (2.7 ppm, an explosive taggant) at room temperature, the fluorescence of an activated sample was drastically quenched more than 80% within 10s, as well as being red shifted (see Figure 12 ). The quenching percentage is defined as (I o -I)/I o × 100%, where I o is the original emission intensity and I is the intensity after exposure to analyte. LMOF-111 exhibits superb sensitivity for the detection of DNT, and it has both a greater quenching effect and faster response time than the sensors based on conjugate polymers. The remarkable response from DMNB is also worth mentioning since DMNB is extremely difficult to detect with conjugate polymers due to the lack of π-π interactions. As a sensory material, LMOF-111 is also fully recyclable: the fluorescence of this material can be conveniently recovered by heating at 150 °C for one minute. A systematic study on LMOF-121 (Zn 2 (oba) 2 (bpy)·DMA, oba = 4,4'-oxybis(benzolate); bpy = 4,4'-bipyridine) covering a variety of analytes with different electronic properties revealed the possible fluorescence response mechanism that may be general for LMOFs. 62 Electron deficient analytes quench the fluorescence of LMOF-121, while on the other hand electron rich analytes enhance the fluorescence (Figure 13 ). The distinct behaviors from the two groups of analytes may be explained by the excited state electron transfer process. Reduction potential measurements and computational studies suggested that in the presence of an electron deficient analyte, electrons can transfer from LUMO/CB of LMOF-121 to the LUMO of the analyte upon excitation and then follow a non-radiative relaxation. This electron transfer pathway is responsible for the fluorescence quenching. In the encounter with an electron rich analyte, excited electrons can migrate from the high-lying LUMO of the analyte to the CB of LMOF-121, leading to an enhanced radiative band gap emission. Arguably, the adsorbed analyte can also inhibit the linker ligand's motions, such as rotation and vibration, which limits the non-radiative decay by a certain extent as seen in the cases of AIE, where restriction of intramolecular rotation and torsion leads to enhanced emission. 24, 51, 63, 202, 203 In general, the nature of these photophysicochemical processes is complicated, and there can potentially be more than one mechanism contributing to the same experimental phenomenon. Besides being able to differentiate analyte molecules based on their respective LUMO energies, LMOF-121 also has a strong preference for responding to aromatic compounds versus aliphatic analogues, since the orbital overlap from aromatic analytes is greater than that from aliphatic ones. This interesting feature makes LMOF-121 more selective towards aromatic analytes. Additional studies on a series of LMOFs having strong emissions, LMOF-131 (or RPM1-Zn, Zn 3 (bpdc) 3 (bpy)·4DMF·H 2 O), LMOF-132 (or RPM7-Zn, Zn 3 (bpdc) 3 (2,2'-dmbpy)·4DMF·H 2 O, 2,2'-dmbpy = 2,2'-dimethyl-4,4'bipyridine), LMOF-141 (or RPM4-Zn, Zn 2 (bpdc) 2 (bpe)·2DMF, bpe = 1,2-bis(4-pyridyl)ethane), and LMOF-151 (or RPM5-Zn, Zn(bpdc)(bpe)·DMF) further confirmed their PL response to electron deficient and electron rich analytes. 72 This series of LMOFs was built using similar linker ligands but having different structures. The results show that they unanimously respond to electron deficient analytes through fluorescence quenching and to electron rich analytes through fluorescence enhancement. Electrochemical studies uncovered that electron deficient analytes usually have greater reduction potentials than LMOFs, which makes them excellent electron acceptors. On the contrary, reduction potentials of electron rich analytes are generally more negative, enabling them to donate electrons to LMOFs. This is in good agreement with the results of theoretical calculations, which show that the LUMO energy levels of electron-deficient analytes are lower than the CB of LMOFs, while those of electron-rich analytes lie above the CB of LMOFs. Very recently, a systematic study was also carried out on a paddle-wheel based LMOF series, including LMOF-161 (Zn 2 (ndc) 2 2 (bpy)·xDMF). 71 The same observations and trends were found, offering support to the aforementioned electron transfer mechanism. Although it is well established by now that electrondeficient analytes quench and electron-rich analytes enhance the photoluminescence of sensory materials respectively as observed independently by several research groups, 62, [71] [72] [73] 95 solely monitoring the change in their emission intensity is usually insufficient for accurate and selective detection of a targeted species, especially when more than one analyte molecules quench or enhance the fluorescence to a similar extent. A change in emission frequency (wavelength) can sometimes be utilized as an additional sensing/detection parameter. Although not as common as changes in fluorescence intensity, strong analyte-sensor interactions often lead to emission frequency shifts. Monitoring the changes in both fluorescence intensity and frequency adds a new variable of signal transduction: from one-dimension (1D) to twodimensions (2D), where both sensitivity and selectivity can be greatly enhanced. In an effort to minimize false-positive responses and increase selectivity, this 2D strategy was exemplified using two highly fluorescent and structurally related LMOFs. 70 Diverse groups of analytes were tested on LMOF-161 and LMOF-162 . 204 Both LMOFs demonstrate a 2D response: fluorescence intensity change paired with emission frequency shift. Utilizing both variables, an analyte can be pinpointed on a two-dimensional map as shown in Figure 14 . The change in fluorescence intensity is expected to be governed by the previously discussed electron transfer mechanism. In-situ IR studies, featuring the shifts in the signature vibrational modes of free analytes and adsorbed analytes, unraveled the intrinsic electron flow from LMOF to electron deficient compound, and from electron rich compound to LMOF. This observation further supports the donor-acceptor electron transfer mechanism discussed earlier.
Computational studies indicate that upon analyte perturbation, the band structure of the analyte-LMOF exciplex system differs from that of the LMOF, and therefore a change in emission frequency is observed. As a proof of concept, the 2D map strategy can be of great assistance in the accurate recognition of analytes and may lead to differentiation between analytes with extremely similar physicochemical properties. The rational design of effective sensory materials requires the understanding of analyte-sensor interactions. Direct experimental evidence of the interaction between nitrobenzene and a Li-based LMOF, {Li 3 
was observed in a single crystal sample containing the nitrobenzene analyte: strong π-π stacking with neighboring ligands enabled by the confinement of nitrobenzene in the pore channel, and interaction between the nitro group and benzene ring of the ligand (suggested by the close N nitro ···C ligand distance) results in the strong quenching of fluorescence coupled with a color change of the single crystal. 81 In another example, single crystal structural data showed trapped guest molecules in a 2D π-stacked LMOF, [Zn 1.5 (L 10 )(H 2 O)]·1.5BZ (BZ = benzene). 94 As shown in Figure 15c , adsorbed benzene is trapped between the adjacent 2D layers forming a π-complex with the LMOF. It was extrapolated that the quencher molecule, like nitrobenzene, mainly gets absorbed on the π-electron rich surface of the LMOF, where the fluorescence quenching is facilitated by the supramolecular wire effect of the π-stacks. Theoretical and computational studies can offer insights pertaining to the origin of a sensor's luminescence, the PL response, as well as the possible interaction sites. [205] [206] [207] [208] [209] [210] [211] For example, band structure calculations are extremely useful in understanding the electron transfer mechanism, where the 
Detection in the Liquid Phase
LMOFs as explosive sensors are truly versatile: not only can they probe analytes in the vapor phase, but they have also proven to be feasible and effective in liquid phase detection. 16 upon the addition of different analytes (electron deficient or rich) in DMF. 130 As established previously, the short-ranged electron transfer between a sensory material and analyte largely determines the fluorescence response. Tuning the band structure of an LMOF to facilitate this process is an important and logical consideration for the design of an effective sensor. However, due to the insulating nature of most LMOFs and generally weak host-guest interactions, the electron transfer process is limited by orbital or spatial overlaps of the framework and analyte, and thus, may impede the performance of LMOF-based sensors. Energy transfer on the other hand, is a long-range process and does not require a conductive medium. Optimizing both factors is the key to achieving superb performance. This was demonstrated by Nagarkar and coworkers with [Cd(ndc) 0.5 (pca)]·xG (G = guest molecules, pca = 4-pyridinecaboxylic acid). The combination of both effective electron and energy transfer led to a sensory profile with excellent sensitivity and selectivity. 66 The LMOF was preferentially quenched by TNP (or 2,4,6-trinitrophenol or picric acid) in MeCN, while exposure to other nitro compounds had little effect on its fluorescence intensity ( Figure 16 ). The k sv for TNP is as high as 3.5×10 4 M -1
, a value comparable to the best conjugate polymer sensors. Such high sensitivity and selectivity was attributed to several factors. First, TNP has the lowest LUMO energy of all the analytes studied, which makes it the strongest electron acceptor in the excited state. Second, the Lewis basic sites from pca can interact effectively with the acidic phenolic protons from TNP. These acid-base interactions attract the TNP molecules to be in closer proximity to the sensor. Finally, the spectral overlap between the optical emission spectrum of the LMOF and the optical absorption spectrum of TNP is significantly greater than the overlap from the other nitro compounds. Thus, the strongly amplified quenching effect is a result of combined short-ranged electron transfer and long-range energy transfer process.
Detection with Nanosized LMOFs
Decreasing the size of LMOF particles to the nanometer scale (NLMOFs) is a powerful approach to promote faster response time. Zhang and coworkers demonstrated that with the nanosized Zn-bcpa (bcpa = 9, 10-bis(p-carboxyphenyl) anthracene) fast detection of DNT and TNT in the vapor phase can be achieved through fluorescence quenching. 212 Qiu et al.
used a self-sacrificing template route to synthesize MOF nanotubes (MOFNTs) as shown in Figure 17 . 123 The resulting
MOFNTs showed a fast, selective, and reversible response to the vapor of DNT. In the case of LMOF-161, surfactant assisted method was used to decrease the particle size. Shorter response time was achieved to obtain emission shifts. 70 Chen, Qian and coworkers utilized the water-in-oil microemulsion strategy to synthesize nanorods of Eu 2 (bdc) 3 (H 2 O) 2 (H 2 O) 2 (bdc = benzene-1,4-dicarboxylate), which showed high sensitivity for nitroaromatic explosives in ethanol solution. 138 Other methods, such as microwave and surfactant assisted synthesis, can also lead to the formation of nanoscale materials. Generally speaking, downsizing LMOF particles contributes greatly to enhancing sensory performance in both response time (faster kinetics) and response magnitude. 
Indirect Detection of Non-Volatile High Explosives
High explosives such as RDX and HMX have extremely low vapor pressures that make their effective detection one of the most challenging tasks. However, volatile components in these plastic explosives, such as solvents, stabilizers, and plasticizers, make easier targets. Therefore, detection of these volatile components serves as an alternative route for the identification of high explosives. 213, 214 Adapting the 2D mapping strategy, LMOF-202 (Zn 2 (hfdc) 2 (bpy)⋅xDMA, hfdc = 9H-fluorene-2,7-dicarboxylic acid) was demonstrated to be capable of rapid and selective detection of cyclohexanone, a solvent used in the recrystallization of RDX and coexisting in the product mixture. 200 The fluorescence intensity of LMOF-202' (guest free LMOF-202) was greatly enhanced after only 10 seconds of exposure to the vapors of various ketones. Additionally, the emission frequency was also altered after analyte exposure. By utilizing both signals, each ketone can be pin-pointed on a 2D map. Molecular orbital calculations revealed that the highlying LUMO orbitals of the ketones facilitate the electron transfer to the CB of LMOF-202'. Further investigation of the electronic properties of the LMOF and analytes unraveled another important factor that also contributes to the fluorescence enhancement: large spectral overlap found between the absorbance of LMOF-202' and the emission of the ketones allows for effective energy transfer (Figure 18a ) and, therefore, contributes largely to the fluorescence enhancement.
On the other hand, LMOF-121', a MOF structure with similar porosity as LMOF-202', exhibits a significantly lower percentage of PL enhancement upon analyte exposure of the same duration. This can be explained by the decreased spectral overlap shown in Figure 18a . Such observations further confirm that energy transfer plays an equally important role in fluorescence response. On the other hand, both LMOF-121 and -202 respond to DNT through fluorescence quenching. Notably, the K sv of LMOF-121 is 2.3 times of that of LMOF-202. This is most likely due to the noticeable spectral overlap found between the absorbance of DNT and the emission of LMOF-121, while such overlap is nearly negligible for LMOF-202 (see Figure 18b ). This observation again confirms energy transfer is a significant factor in governing fluorescence response. A closely related structure, LMOF-201 (Zn 2 (ofdc) 2 (bpy)⋅2.5DMF⋅1.25H 2 O, ofdc = 9-oxo-9H-fluorene-2,7-dicarboxylic acid), has a very similar band gap to LMOF-202, but is nearly nonporous and therefore inert to the vapors of ketones. Overall, the porosity and electronic properties of an LMOF are both important factors influencing its performance. High porosity facilitates the analyte diffusion and tuning the electronic property can enable effective energy transfer.
LMOFs are excellent candidates for explosive detection. The combination of effective electron and energy transfers is a powerful way to achieve highly sensitive and selective detection. In addition, making use of the porosity of LMOF structures and incorporating functional groups into their frameworks can promote analyte-sensor interactions, while decreasing the particle size will reduce response time substantially. All of these factors play important roles and should be considered in the future synthesis of LMOFs for further enhanced performance.
Conclusions
Metal-organic frameworks are a truly versatile and remarkable class of crystalline functional materials with many interesting properties and great potential for numerous applications. The photoluminescence of these materials arises from several charge transfer processes: LMCT, MLCT, LLCT, and metal centered with antenna ligands. Utilizing their emission properties, various types of sensors are being developed. From the detection of small molecules, VOCs, and ionic species, to biosensing and imaging, and fluorescent thermometers, luminescence based sensing has been applied to various fields. The optical signal can be either monitored by a fluorometer in terms of changes in intensity or emission frequency, or can be seen by the naked eye in the case of colorimetric response. A highly promising area of luminescence based sensing is the detection of explosives and explosive-like molecules. Effective fluorescence response in the vapor and/or liquid phases can be achieved through the rational design of sensory materials with strong electron and energy transfers, suitable porosity and particle size, specific functional groups, and tunable electronic structures for highly selective analyte-LMOF interactions. For instance, raising the LUMO (or CB) of LMOF favors the electron transfer to the low-lying LUMO of electron deficient analyte during an excitation process and therefore promotes fluorescence quenching. Tuning the band gap of LMOF to increase the spectral (emission and absorption or vice versa) overlap between LMOF and analyte can enhance energy transfer. The incorporation of LBS, OMS or other functional groups facilitates specific LMOF-analyte interaction. It is anticipated that with continued efforts in the design, synthesis and optimization of new materials, LMOF-based sensors are on their way to commercialized applications. 
